Crayfish provide a good model in which to study the transport mechanism of Ca ions. During the molting stage, decalcified Ca ions are transferred into the blood and accumulate in the gastrolith epithelium, after which a gastrolith is formed on the surface of the epithelium. The gastrolith is dissolved in the stomach after molting, and the Ca is reabsorbed and redistributed throughout the newly formed exoskeleton. We studied the mechanism of Ca transport by cytochemical precipitation of Ca ions and by electron microanalysis, including X-ray microanalysis (EDX) and electron energy-loss spectroscopy (EELS), with a computer. In EDX analysis, the fine precipitates of Kantimonate in the gastrolith mitochondria clearly defined Ca with antimony; we also observed a large amount of Caoxalate in the mitochondria, and Ca-K X-ray pulses were clearly defined. Ca-K X-rays were also detected from fresh freeze-substituted mitochondria. Finally, we succeeded in taking a Ca-L EELS image from the mitochondria of fresh freeze-substituted thin sections. Only a very small amount of Ca was detected from the cell membrane and other organelles. Ca-adenosine triphosphatase (ATPase) and MgATPase activity was also very clearly demonstrated in the mitochondria. These enzymes may play an important role in Ca metabolism.
Introduction
The crayfish, Procambarus clarkii, has a specially differentiated stomach epithelial tissue called the gastrolith epithelial tissue, which is involved in the molting cycle. Ueno (13) eported remarkable morphological changes in the gastrolith epithelial cells during a molting cycle. He described four types of epithelial cells, which change from one type to another during the molting process. Type II shows foamy cytoplasm possessing a large number of mitochondria with fine electron-opaque deposits. These intramitochondrial deposits increased and grew into crystalloids upon potassium oxalate incubation in fresh tissue prior to glutaraldehyde fixation (8, 13) . We have recently developed an improved microanalyzing unit with electron energy-loss spectroscopy (EELS) with an imaging system, and have succeeded in obtaining a Ca-L EELS image from the type II cell mitochondria from fresh freeze-substituted thin sections (9) .
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Material and Methods
Crayfish were kept in water at normal room temperature. Animals at various molting stages, at intermolt, and with small gastroliths, large gastroliths, and completed gastroliths were used for the experiments. The stomach was cut in small pieces and sampled in several ways. a) The pieces were incubated in 40 mM potassium oxalate containing 140 mM potassium chloride for 10 min with the pH adjusted to 7.4 with KOH, followed by 2.5% glutaraldehyde in 0.1 M cacodylate buffer at pH 7.4 with 40 mM potassium oxalate 20 to 60 min (2, 8) . They were embedded in Epon 812 and dry ultrathin sections were cut with a glass knife without water and mounted on a carbon or copper grid. b) The fresh samples were fixed with a mixture of 2% osmium tetroxide and 2% potassium antimonate without buffer solution for 2 hr. The fixative was adjusted to pH 7.4 by adding a few drops of the potassium antimonate solution or acetic acid. The sections were embedded in Epon after dehydration with serial ethanol. c) Small pieces of the fresh material were pretreated with acrolein vapor for 3 min, then frozen with liquid freon or propane at the temperature of liquid nitrogen. Some of the fresh material was incubated in 40 mM of potassium oxalate in 0.2 M phosphate buffer for 5 min. The blocks were then frozen with liquid freon or propane cooled to the temperature of liquid nitrogen. The frozen samples were freeze-substituted with acetone cooled to the temperature of acetone dry ice for 1 day, then dehydrated and embedded in Spurr's resin (5, 8) or Epon 812. d) Mg-adenosine triphosphatase (ATPase) was examined by the modified method of Fujimoto et al. (3) . The tissue was fixed with a solution containing 0.5% glutaraldehyde, 0.8% paraformaldehyde, and 3 mM ATP-2Na for 30 min and incubated in 10 mM In this figure, the two elements Sb and Ca were distinguished alate, and embedded in Epon without postosmification (postosmififrom the combined energy peak with an EDIT computer system. cation causes osmium to take the place of calcium), unstained. The However, calcium was not detected from other parts of the precipimitochondria contain electron-opaque deposits (see Figure 5 , EDX tates. data). Small gastrolith stage. Bar = 1 µm. Strong calcium-K X-ray pulses were detected. Chlorine (Cl) comes from the Epon. Oxalic acid could not be detected, and we could not find any other elements, such as Na, Mg, P, S, or K. of ethylene glycoltetraacetic acid (EGTA) solution for 1 hr. Tissue sections were cut by Vibratome and incubated in a mixture of 0.1 mM MgCl2, 4 mM lead citrate, and 3 mM ATP-2Na containing glycine-KOH buffer at pH 9.4 for 30 min at 37°C, and then rinsed. The sections were postfixed with 2% osmium tetroxide. As an inhibition experiment for Mg-ATPase, 0.1 mM oligomycin was added to the incubation medium. e) Ca-ATPase was demonstrated by the modified method of Fujimoto et al. (3), a one-step lead citrate method. The fixation method was the same as that for Mg-ATPase except that 10 mM of CaC1 2 was substituted for MgC1 2 in the incubation medium. The sections were treated with EGTA for 1 hr before incubation.
The thin sections were observed and analyzed with a JEM-1000 electron microscope fitted with a scanning device and EDAX 707B with an EDIT computer system, and with a Hitachi H-700H 200 kV electron microscope fitted with a scanning device unit, EDAX 9100F with a microcomputer system, and a Hitachi electron energy-loss spectrometer with locking amplifier for energy-loss spectrum imaging. The later system is a microanalyzing system for biological specimens newly developed with the aid of Hitachi Co. and Nihon Philips Co. (9) .
Results
A section incubated in potassium oxalate solution before fixation had many electron-opaque deposits in the mitochondrial matrixes of type II cells. Typical high counts of Ca-K X-ray pulses were obtained from these deposits (Figure 1 ). However, there were almost no other elements present except chlorine, which probably came from the Epon.
A section fixed in the mixture of potassium antimonate and osmium tetroxide had many relatively large electron-opaque deposits in the matrices of type II mitochondria (Figure 2 ). Fine precipitates were also associated with the membranous structures and the nuclei and were scattered throughout the cytoplasm. Two different results from these deposits were obtained by the EDX analyzing method. The first result indicated calcium antimonate, and the analyzing data showed Cal-K X-ray pulses and Sb-L pulses. Originally these formed a combined X-ray energy peak, and the combined peak showed an energy peak shift to the right (1,2,8) . The EDIT computer could distinguish two separate peaks, i.e., Ca•K and Sb•L Xray peaks (Figure 6) , that indicate the matrices of type II cell mitochondria. The second result indicated the presence of many precipitates of antimonate salts with the notable exception of Ca-antimonate. The analysis data showed that they were composed of a variety of elements, Mg, H, Na, K, Sb, or combinations of these, but no Ca. In other words, Ca exists in a large amount only in the mitochondrial matrices of type II cells.
A fresh freeze-substituted dry section was observed with the scanning transmission electron microscope (STEM) image. The contrast of the STEM image was very low, but it was enough to make out the fine structure in the gastrolith epithelium, as shown in Figure 8 . Many electron-opaque fine deposits were in the mitochondrial matrices, and the Ca-K Xray pulses were clearly identified, together with the elements Na, Mg, P, S, Cl, and K ( Figure 9 ). The X-ray intensity ratios obtained from the mitochondrial deposits were calculated with a computer and displayed in a circle graph. These deposits were clearly different from those of the potassium oxalate precipitates in the mitochondrial matrixes.
From an ultrathin dry section from the fresh freeze-substituted material, we obtained a very clear EELS spectrum from the mitochondrial matrices without the locking amplifier. We could identify very clearly the EELS spectrum edges of Cl-L, S-L, C-K, K-L, Ca-L 1 , 2 , 3 , N-K, and P-L with 200 kV accelerating voltage using a LB6 filament (Figure 10 ). After attaching the locking amplifier, the background became smooth, and the spectrum edges were very easy to see.
The ultrathin sections obtained from fresh freeze-substituted material or fixed with the K-antimonate-OsO4 method were examined with the new analyzing microscope. EELS images of crayfish gastrolith epithelium, type II cells, were obtained at the Ca-L2, 3 edges, after reducing the background image ( Figure 11 ). The Ca was mainly distributed in the mitochondrial matrices, just as the view obtained with the EDX analyzing method.
Discussion
The calcium metabolic cycle seems to be controlled by the molting hormone and synchronized with the molting cycle ( Figure 12) . In this article, we have described only a limited Figure 9 . EDX data analyzed from the fine deposits in Figure 8 . Na, Mg, P, S, Cl, K, and Ca were clearly identified. Figure 10 . EELS image of the mitochondria of crayfish gastrolith epithelial cell obtained from Ca-L2, 3 edges. Calcium was distributed in the mitochondrial matrices as the white dots. Bar = 1 gm. Figure 11 . EELS spectrum obtained from crayfish gastrolith epithelial mitochondria. Ca-L2,3 edges were clearly identified with the C-K edge.
part of this cycle, the gastrolith epithelium. Calcium ions were clearly demonstrated in the mitochondrial matrices of the type II cell by several separate methods. The cytochemically fine deposits in the mitochondria were analyzed by the EDX and EELS methods. The results were always the same, i.e., the calcium was located mainly in the mitochondrial matrices of type II cells of gastrolith epithelium during the molting stage.
In the developing osteoblasts and in chondrocytes, Ca-rich granules are found in their mitochondrial matrices (4, 6, 7, 11, 12) . These data indicate that large amounts of calcium stream from the cells to the surrounding matrices. In the molting gastrolith epithelial mitochondria, the physiological condition of the local tissue may be the same as in the developing cartilage or bone tissue. In the mitochondria of molting gastrolith epithelium, we have clearly demonstrated strong cytochemical activity of CaATPase in the mitochondrial matrices. This Ca-ATPase activity characterized calcium accumulation in the mitochondrial matrices. The activity was very strong during the gastrolith stage but very weak during the intermolt stage. On the other hand, Mg-ATPase activity was constant in the mitochondrial matrices throughout the molting cycle. These data suggest that Ca-ATPase plays an important role in the calcium transport mechanism in the gastrolith epithelial cell during the molting stage. In the intermolt stage, we could not find calcium deposits in the gastrolith epithelial mitochondria, and Ca-ATPase activity reaction products were weak. On the other hand, MgATPase activity was strong in both stages.
